Corylus avellana, fi lbert, Anisogramma anomala, marker-assisted selection ABSTRACT. Eastern fi lbert blight (EFB), caused by Anisogramma anomala (Peck) E. Müller, is a devastating disease to european hazelnut (Corylus avellana L.) orchards in the Willamette Valley of Oregon. Selection OSU 408.040 showed no symptoms or signs of the fungus following greenhouse inoculations, and enzyme-linked immunosorbant assays (ELISAs) were negative. Segregation ratios in three progenies indicate that a single dominant gene controls the resistance. A total of 64 amplifi ed fragment length polymorphism (AFLP) primer combinations were screened using three resistant and three susceptible individuals as well as the parents of the cross OSU 245.098 × OSU 408.040. Primer combinations that showed no more than one recombinant in these six seedlings were investigated in 30 additional seedlings. Markers that showed <15% recombination with resistance were amplifi ed in the remaining seedlings of the population. Five AFLP markers linked in coupling to resistance were identifi ed. B2-125 was located on one side of the resistance locus at a distance of 4.1 centimorgans (cM), while A4-265 (9.2 cM), C2-175 (5.9 cM) and D8-350 (2.5 cM) were on the other side, and A8-150 cosegregated with resistance. Three of these markers (B2-125, C2-175, and D8-350) were also linked in coupling in a similar order in seedlings from a second progeny. These markers may be useful in marker-assisted selection for eastern fi lbert blight resistance from hazelnut selection OSU 408.040.
Production of the european hazelnut in Oregonʼs Willamette
Valley represents 98% of the United States production and 3% to 5% of the world production, respectively (Food and Agriculture Organization of the United Nations, 2003). However, the Oregon hazelnut industry is threatened by eastern fi lbert blight (EFB), a disease caused by the pyrenomycete Anisogramma anomala. The fungus causes severe cankers, rapid yield loss, and eventually tree death in 5 to 12 years if control measures are not practiced (Pinkerton et al., 1993) . Current control practices include fungicide applications and therapeutic pruning. However, due to the expense of fungicides and the dramatic yield loss caused by severe pruning to remove cankers, genetic resistance is the most desirable and economical means of disease control (Mehlenbacher, 1994) . Therefore, developing cultivars resistant to EFB is a major objective of the Oregon State Univ. (OSU) hazelnut breeding program.
Complete resistance to EFB was fi rst discovered in the obsolete pollinizer ʻGasawayʼ (Cameron, 1976) and is conferred by a single dominant gene (Mehlenbacher et al., 1991) . This gene has been the major source of resistance utilized in the OSU breeding program, while the search for new sources of complete resistance has continued. Selection OSU 408.040, grown from seeds labeled "Weschcke hybrid" collected at the research farm of the Univ. of Minnesota in 1987, showed no symptoms or signs of the fungus following greenhouse inoculation in Spring 1995, and enzymelinked immunosorbant assay (ELISA) test results were negative (S. Mehlenbacher, unpublished) . Trees inoculated the following year also remained free of the fungus, confi rming the resistance.
Selection OSU 408.040 phenotypically appears to be pure C. avellana, resembling typical wild seedlings in Europe, rather than an interspecifi c hybrid between C. americana Marshall and C. avellana from Weschckeʼs (1954) private nut breeding program. In addition to EFB resistance, OSU 408.040 has desirable early nut maturity, but it is not precocious, is highly susceptible to big bud mite (primarily Phytoptus avellanae Nal.), nut size is small, nut shape is very long, and the kernels do not blanch.
Current methods for evaluation of EFB resistance are slow and expensive. Cankers usually develop and can be observed 16-20 months after initial exposure. A desire to slow disease spread requires isolation of disease tests from commercial orchards and breeding activities. ELISA following greenhouse inoculation shortens the detection time to 6 months (Coyne et al., 1996) . However, this process is still time-consuming, and in some cases, yields ambiguous results even with repeated tests. Marker-assisted selection (MAS) provides a means of screening genotypes for EFB resistance at an early stage. Only seedlings with the appropriate markers are planted in the fi eld and evaluated for other traits. Random amplifi ed polymorphic DNA (RAPD) markers tightly linked to the ʻGasawayʼ resistance gene have been identifi ed (Davis and Mehlenbacher, 1997; Mehlenbacher et al., 2004) and several of these markers have been sequenced. Two of these RAPD markers, UBC152 800 and UBC268 580 , fl ank the ʻGasawayʼ resistance gene, are easy to score and robust to amplifi cation conditions. They are routinely used in MAS in the hazelnut breeding program at Oregon State Univ. but are absent in OSU 408.040.
In this study, we examined segregation for disease response in three progenies of selection OSU 408.040 and identifi ed AFLP markers linked to resistance.
Materials and Methods
PLANT MATERIALS. In 1997, two seedling populations were obtained from controlled crosses of the resistant selection OSU 408.040 as the pollen parent with the susceptible selections OSU 245.098 (progeny 97035) and OSU 474.013 (progeny 97036). In 1999, a third progeny (99035) was generated by crossing OSU 665.012 × OSU 408.040 (Fig. 1) . For progenies 97035 and 97036, scions were collected from 74 and 64 seedlings, respectively, in Dec. 2000, from trees growing at the Oregon State Univ. Smith Horticulture Research Farm. They were stored at 0 °C for 2 to 3 months until three trees per genotype were grafted onto C. avellana rooted layers in Spring 2001. For progeny 99035, seeds were collected in Fall 2000, stratifi ed, sown in fl ats in the greenhouse when they sprouted, and grown to ≈20 cm tall. The seedlings of progeny 99035 and grafted trees of progenies 97035 and 97036 were planted in 5-L pots containing a mixture of equal volumes of peat, pumice, fi ne bark dust, and 9 g of Sierra 3-to 4-month controlled-release fertilizer (18N-2.6P-10.0K; Peters Professional, Allentown, Pa.). They were kept in the greenhouse under optimal conditions (24 °C day/18 °C night) until they were ready for inoculation and DNA extraction. ʻGasawayʼ (resistant control), ʻEnnisʼ (susceptible control), and the parents of all three progenies were also included.
GREENHOUSE INOCULATION. Diseased twigs with mature stromata were collected from the North Willamette Research and Extension Center in Aurora, Ore., in Nov. 2000 and 2001. They were stored at -20 °C in polyethylene bags until they were used as inoculum. Perithecia were dissected from the stromata of infected twigs and ground with a mortar and pestle to release ascospores. The ascospore suspensions were then diluted in distilled water to 1×10 6 spores/mL. The suspensions contained in a squeeze bottle were sprayed three times to the tip(s) of one or two actively growing shoots on each tree. The sites of inoculation were indicated by tape placed two to three nodes below the apical meristem. Inoculation chambers were set up in the greenhouse, using polyvinyl chloride tubing (1.27 cm diameter) placed on top of benches (1.22 × 0.44 m) and covered with white 4-mm polyethylene sheeting. A humidifi er was placed in each inoculation chamber and programmed to run from 1200 to 1800 HR and from 0000 to 0400 HR. Plants were inoculated when shoots had four to fi ve nodes (Coyne et al., 1996) . The inoculations were repeated three times at 3-d intervals. After inoculation, the trees remained in the greenhouse under optimal growing conditions for at least 6 months prior to the infection assay.
EFB RESISTANCE EVALUATION. For progenies 97035 and 97036, one greenhouse-inoculated grafted tree of each genotype was tested to score for the presence or absence of the fungus 6-8 months after inoculation using the ELISA method developed by Coyne et al. (1996) as slightly modifi ed by Lunde et al. (2000) . If the fi rst tree showed infection, the other two trees of that genotype were transported to the North Willamette Station in Fall 2001, planted in a nursery row, and the development of cankers was noted the following winter. If the fi rst tree showed a negative or inconclusive result, the other two trees were also tested using ELISA, and the trees remained in the greenhouse to be re-inoculated and re-assayed in 2002. A genotype was scored as susceptible if one or more of the three trees gave a positive ELISA result, and scored as resistant if all three trees remained free of infection for 2 years. For progeny 99035, each seedling was inoculated and assayed once in 2001, and then they were transported to the North Willamette Station, planted in a nursery row, and the development of cankers was visually inspected 18 months later. A genotype was scored as susceptible if the ELISA score was above the threshold and/or cankers were observed, and as resistant if the ELISA test was negative and/or no cankers were observed.
DNA EXTRACTION. Fresh young leaves of 74 seedlings of progeny 97035, 64 seedlings of progeny 97036, and the parents were collected from the fi eld in Spring 2002. Young leaves of 48 additional seedlings of progeny 97035 were collected in Spring 2003. DNA was extracted from these leaves following the method of Lunde et al. (2000) with minor modifi cations, and RNA was removed by incubation at 37 °C in the presence of RNase A (Sigma Chemical, St. Louis) for 1 h in a shaker, followed by extraction in 25 phenol : 24 chloroform : 1 isoamyl alcohol (Ambion, Austin, Tex.). DNA was extracted a total of four times from each seedling and stored at -18 °C until AFLP assays. Some DNA samples were further purifi ed using QIAprep Spin Miniprep Kit (Qiagen, Chatsworth, Calif.) to ensure successful amplifi cation. DNA was quantifi ed using a Hoefer DyNA Quant 2000 Fluorometer (Amersham Bioscience, San Francisco).
AFLP ANALYSIS. Three EFB resistant seedlings, three EFB susceptible seedlings, and the two parents of progeny 97035 were used in the pre-screening process in the search for potential linked AFLP markers. In this process, the AFLP assay was performed using AFLP analysis system kit I (GIBCO BRL, Rockville, Md.) following the manufacturerʼs protocol. A total of 64 primer combinations (EcoRI +AAC, AAG, ACA, ACT, ACC, ACG, AGC, AGG and MseI + CAA, CAC, CAG, CAT, CTA, CTC, CTG, CTT) were used. Primer combinations that generated a band that was present in the resistant parent and all three resistant seedlings but absent in the susceptible parent and all three susceptible seedlings were investigated in a group of 30 additional seedlings. Primer pairs that generated a band that showed one recombinant in the six seedlings were also investigated further. Markers that showed <15% recombination with resistance in these 30 seedlings were generated for the remaining seedlings in the population. After the initial screening, AFLP markers were generated using the protocol of Vos et al. (1995) The PCR products were checked for evidence of amplifi cation by electrophoresis on 1% agarose gels using 5 µL of the aliquot and 3 µL of loading dye (15% Ficoll 400, 0.03% xylene cyanol FF, 0.4% orange G, 10 mM Tris-HCL pH 7.5, and 50 mM EDTA). The amplicons were mixed with an equal volume of loading dye and loaded on 6% polyacrylamide denaturing sequencing gels. Gels were run at 75 W (1600 V) constant power for 3.5 h and stained with silver. The size of bands was estimated by comparison to a 100-to 1500-bp ladder (Promega, Madison, Wis.). The same AFLP analysis was carried out on progeny 97036 using primers identifi ed in progeny 97035. DATA ANALYSIS. Segregation analysis for resistance to EFB in the three progenies was performed using the chi-square test (Table  1) . A test of heterogeneity was also performed to decide whether the data from the three progenies could be pooled. AFLP markers potentially linked to the disease resistance gene were scored on 122 seedlings from progeny 97035 and 64 seedlings from progeny 97036. Of the 122 seedlings of progeny 97035, the EFB phenotype of 48 is unknown but these seedlings were included to more precisely determine the linkage order of the promising AFLP markers. The markers were scored as 1 indicating the presence and 0 the absence of a band. Similarly, the phenotypic data was scored as 1 for resistance and 0 for susceptibility. The data was entered in a spreadsheet, saved as a tab-delimited text fi le, and imported into MAPMAKER EXP 3.0 (Lander et al., 1987) using the f2 backcross function and default linkage criteria of LOD=3.0 and a maximum recombination frequency of 0.25. The most likely map order was determined using the "compare" command. The Kosambi mapping function (Kosambi, 1944) was used to convert the recombination frequency into map distances in centimorgans (cM). The "error detection on" command tells MapMaker to perform the analysis assuming incomplete penetrance and a mistyping error rate of 1%. Data points scored as double recombinants were reexamined by amplifi cation of DNA template extracted from the same tree at a different time. Mistakes potentially exist in genotyping and phenotyping processes and true double recombinant events may exist, so we chose the option "error detection on." Maps were drawn using the "draw map" command of MapMaker and the resulting PS fi les were visualized using Ghostview software.
Results

SEGREGATION FOR EFB RESISTANCE.
Disease evaluation was carried out on a total of 192 seedlings and the parents. The parent OSU 408.040 showed consistent resistance in greenhouse and fi eld inoculations, whereas the parents OSU 245.098, OSU 474.013, and OSU 665.012 showed susceptibility to the disease. All three progenies fi t the expected ratio of 1 resistant : 1 susceptible ( Table  1 ). The heterogeneity chi-square test showed that the data were indeed homogeneous, and the pooled data also fi t the expected 1:1 ratio, indicating control by a single locus with a dominant allele for resistance.
IDENTIFICATION OF AFLP MARKERS LINKED TO EFB RESISTANCE. Progeny 97035 was used in the search for potential AFLP markers. All 64 primer combinations successfully amplifi ed fragments ranging from 1000 to <100 bp in length. Typically, 30 to 50 fragments per primer combination were produced and an average of 20% polymorphism between the resistant parent and the susceptible parent was observed.
Five markers, designated A4-265 (Fig. 2) , A8-150 (Fig. 2 ), B2-125 (Fig. 3) , C2-175 (Fig. 3) , and D8-350 (Fig. 4) , were closely linked in coupling to the resistance locus. All of the markers segregated in the expected 1:1 (present:absent) ratio (Table  2 ). The linkage analysis with a LOD score of 3.0 placed the fi ve AFLP markers in the same linkage group as the resistance locus. The map constructed with "error detection on" spanned 13.3 cM with markers in the order A4-265, C2-175, D8-350, A8-150, and B2-125 (Fig. 5a ). Marker A8-150 co-segregated with resistance, whereas markers A4-265, C2-175 and D8-350 were located on one side of the resistance locus, and marker B2-125 was located on the other side.
To further confi rm the segregation and linkage of fi ve linked markers to the resistance locus, 64 seedlings from progeny 97036 were amplifi ed with the same AFLP primer combinations as in the 97035 population. Three of the markers, B2-125, C2-175, and D8-350, segregated in the expected ratio of 1 present : 1 absent (Table 2) . They were also found linked in coupling to the resistance locus in a similar order (Fig. 5b) . Markers C2-175 and D8-350 co-segregated. Unfortunately, polymorphism was lost for A8-150 and A4-265 as a fragment of the same size and relative intensity was amplifi ed in both parents.
Discussion
In contrast to resistance conferred by multiple minor genes, resistance conferred by a major single gene is easier to combine with high yield, kernel quality, and other desirable traits. Generally a modifi ed backcross approach is used (Mehlenbacher, 1995) . The single dominant gene from ʻGasawayʼ has been the major source of resistance utilized in the hazelnut breeding program at Oregon State Univ. The RAPD markers UBC152 800 and UBC 268 580 , which fl ank the resistance allele in ʻGasawayʼ and have been routinely used in MAS, are absent in OSU 408.040. Thus, OSU 408.040 appears to be a novel source of genetic resistance to EFB. Segregation ratios indicate that a single dominant gene from OSU 408.040 confers resistance, which means a similar approach can be used for this resistance in the breeding of new cultivars. Furthermore, the identifi cation of this new source of resistance will be useful in the pyramiding of resistance genes and the creation of new cultivars with durable resistance to EFB.
The strategy used in identifying AFLP markers linked to the resistance locus was based on screening eight samples with a relatively large number of primer pairs to ensure that many loci could be screened for polymorphism and linkage with a limited effort. Candidate markers that were identifi ed in this way were then screened on a larger number of phenotypically well-characterized samples to confi rm linkage. This approach ensured that no tightly linked markers were missed but avoided further pursuit of loosely linked markers. Our strategy also overcomes two problems commonly encountered in the bulked segregant analysis (BSA) approach (Michelmore et al., 1991) . With BSA, the inclusion of recombinants or incorrectly phenotyped seedlings in the bulks may prevent identifi cation of linked markers.
MAS has been shown to be extremely powerful and effi cient for traits that are simply inherited, and either diffi cult or expensive to evaluate by conventional methods, such as many types of disease resistance (Dreher et al., 2002; Dudley, 1993; Kelly, 1995; Lande and Thompson, 1990; Luby and Shaw, 2001; Mehlenbacher, 1995; Melchinger, 1990; Young, 1999) . These AFLP markers, especially those tightly linked (<5 cM) (Mohan et al., 1997; Tanksley, 1983) to the resistance locus in OSU 408.040, may be useful in a MAS program provided that they are absent in the susceptible parents. AFLP markers will be more useful in a MAS program if they are applicable across a range of genetic backgrounds (Kelly, 1995) . The marker linked closest to the resistance locus, A8-150, could only be scored in the OSU 245.098 × OSU 408.040 and was not useful in the second progeny. The marker B2-125 appears to be a promising one as it could be scored in both progenies. The practical application of large-scale MAS in applied plant breeding programs requires high-throughput, cost-effective, reliable and easy to score marker assays. Although the AFLP technique is reliable, it is diffi cult to employ directly 
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C2-175 because it is complicated, technologically demanding, and costly. Further studies should be carried out to convert the AFLP markers identifi ed in this study to sequence-characterized amplifi ed regions (Paran and Michelmore, 1993) or to cleaved amplifi ed polymorphic sequence markers (Konieczny and Ausubel, 1993) for their application in a MAS program. 
